The complexation of zinc by natural organic ligands in the upper 600 m of the central North Pacific was determined with differential pulse anodic stripping voltammetry at a thin mercury film, rotating glassy-carbon disk electrode. Of the dissolved zinc in surface waters >98% was bound in strong complexes (log Klcond, ="z+ = 11 .O) by relatively zinc-specific organic ligands existing at low concentrations (1.2 nM). Although the vertical distribution of this ligand class is relatively uniform, total dissolved zinc varies from concentrations close to 0
The nutrient-type distribution of dissolved zinc in seawater indicates that it is removed from surface waters and transported to depth as a trace constituent of biogenic particles (Bruland et al. 1978; Bruland 1980) . The low concentration of zinc in the surface photic zone (N 0.1 nmol kg-') led Anderson et al. (1978) to speculate that zinc is a biolimiting nutrient to phytoplankton in the open ocean. Based on the relationship between zinc concentrations in surface waters and zinc requirements of marine phytoplankton and their geographic distributions in the surface ocean, Brand et al. (1983) suggested that zinc (as well as iron Acknowledgments This work was supported by ONR contract NO00 14-83-K-0683. I am grateful to Kenneth Coale, Rob Franks, and Geoff Smith for technical assistance, and to John Donat, Gary Gill, Tony Michaels, and Bill Sunda for critical reviews of this manuscript. and manganese) availability is an important selective force acting on phytoplankton and ultimately affecting the structure of phytoplankton communities. Because the availability of zinc to phytoplankton is thought to be dependent on the concentration (or activity) of free zinc ions, critical to the above arguments is the possibility of complexation of dissolved zinc by organic ligands. Organic ligands, capable of forming strong complexes with zinc, could reduce free zinc ion activities to extremely low levels. In addition, models of the interactions of dissolved zinc with suspended particles require information on the extent of competition for free zinc between dissolved ligands and binding sites on particle surfaces (Whitfield and Turner 1987) . Estimates of the abundance of zinc-complexing organic ligands and their conditional stability constants are of particular importance.
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B&and Previous studies of zinc complexation with anodic stripping voltammetry to determine solution speciation, although li mited, have suggested that natural dissolved organic ligands can play an important role in the complexation of zinc in oceanic waters (Fisher and Fabris 1982; Piotrowicz et al. 1983) . A study of zinc-organic complexation with a technique involving ligand competition followed by cathodic stripping voltammetric detection suggested that natural zinc-organic complexes are the dominant dissolved zinc species in a sample from the Irish Sea (van den Berg 1985) . However, detailed information is not available on the extent of zinc complexation with natural organic ligands in the open ocean.
Using differential pulse anodic stripping voltammetry (DPASV) at a thin mercury film, rotating glassy-carbon disk (TMF-RGCD) electrode, I here present the results of laboratory studies and held observations on the complexation of zinc with organic ligands in seawater. Laboratory studies with the chelating ligand ethylenediaminetetraacetic acid (EDTA) verified the accuracy of the DPASV approach in determining the extent of organically complexed zinc in seawater. Field studies at a station in the central North Pacific determined the vertical distributions of the concentrations of natural organic ligands forming strong complexes with zinc, the conditional stability constants of the complexes, the inorganic zinc concentrations, and the free zinc ion activities. Additional information was obtained on the specificity of the natural organic ligands for zinc and the lability of the complexes.
7'heory
The application of anodic stripping voltammetry to studies of metal speciation in natural waters has been promoted by scvera1 workers, most notably the late H. W. Nurnberg and coworkers (Nurnberg 1982; Nurnberg and Valenta 1983) , M. Branica and coworkers (Raspor et al. 1980; Plavsic et al. 1982) , and I. Ruzic (Ruzic 1982 (Ruzic , 1984 . Voltammetric stripping techniques such as DPASV at a TMF-RGCD electrode are extremely sensitive and technically relatively straightforward.
The most direct approach for determining the extent and strength of zinc-organic ligand complexation by DPASV involves titrating the ligand(s) in a sample with added zinc and measuring the oxidation current of inorganic zinc deposited in the TMF-RGCD electrode. This approach is based on the principle that an electroinactive complex, ZnL, is formed when a dissolved ligand (or class of ligands), L, complexes with (electroactive) zlinc:
The equilibrium expression for this complexation reaction is: Ringbom and Still 1972; Turner et al. 198 1) . Theoretical estimates of aZn, in surface seawater average -2.1 (Turner et al. 198 1; van den Berg 1985) , indicating that about 47% of the dissolved inorganic zinc exists as the free solvated Zn2+ ion and 53% as complexes, principally ZnCl+. The zinc species constituting Zn' are either directly elcctroactive (such as solvated Zn") or the dissociation rates of the complexes are so rapid, relative to their residence times in the TMF-RGCD electrode diffusion layer, that they are kinetically labile and detected as elcctroactive (e.g. ZnCl+). [L'] includes the concentrations of free dissolved ligand, L"-, protonated forms (e.g. HL'-"), and ligand that may be complexed with other cations (e.g. CaL). Because DPASV, as used here, measures total inorganic zinc, the conditional stability constants for natural zincorganic complexes determined by DPASV are reported with respect to Zn' (hence denoted K' cond, Zn')* K'cond, Zn' can be converted to a conditional stability constant with respect to the concentration of free solvated Zn2+ (Kcond, Zn2 J by multiplying Xcond, Znl by QJZn'-Simulated DPASV titration curves for samples containing an identical concentration of organic ligand (1 nM Fig. l) , a window of stability constant values between about 1 O8 and lOI can be determined by the DPASV approach. For stability constants > 1012, only the ligand concentration and a lower limit to the stability constant (dependent on the sensitivity) is obtainable. An increase of ligand concentration by an order of magnitude (10 nM) would decrease the values of the stability constants that could be determined to between 10' and 10' I.
For the purpose of estimating the extent of zinc complexation with natural organic ligands, the linearization technique described above can be effectively applied t,o the analysis of samples containing one or two ligands of varying concentrations and zinc complexes of varying conditional stability constants. In a solution with a complex mixture of zinc-complexing ligands, the complexation parameters derived from this treatment of the titration data may not be thermodynamically correct with respect to the actual organic ligands and natural zincorganic complexes existing in the sample. Nevertheless, if the data fit such a simple model, determination of these parameters allows us to describe (or conceptualize) the zinc-complexing characteristics of the natural ligands and their apparent influence on zinc speciation.
Historically, much of the DPASV speciation research has been performed with hanging mercury drop (HMD) electrodes (Raspor et al. 1980) . Results of metal speciation research with HMD electrodes have prompted a number of criticisms of the DPASV approach to studying metal-organic ligand interactions in natural waters (Tuschall and Brezonik 1983; Bhat et al. 198 1) . These criticisms center on three main concerns: possible underestimation of the or-ganically complexed metal fraction due to a "kinetic contribution" to the stripping current if the dissociation rate of the metalorganic complex is rapid with respect to the residence time of the metal-organic complex within the electrode diffusion layer; possible underestimation of the organically complexed metal fraction due to direct electrochemical reduction of metal-organic complexes during the deposition step, which would produce an apparent "inorganic metal" signal upon stripping; and possible blocking of the electrode surface by adsorption of organics, thereby decreasing sensitivity or invalidating the measurements. Another concern (pertinent to any speciation technique) is the time required for equilibration between the titrated metal and the organic ligand(s). These concerns are discussed below along with the steps taken to eliminate, minimize, or address them.
Kinetic currents-The theory for estimating kinetic currents from the dissociation of labile complexes within the diffusion layer of TMF-RGCD electrodes is well established (Davison 1978; van Leeuwen 1987) . A rotating disk electrode is well-defined hydrodynamically; consequently, the diffusion layer thickness can be calculated directly from rotation rate. The time available for a complex to dissociate in the diffusion layer of the TMF-RGCD electrode surface can be controlled by varying the rate of rotation.
At a rotation speed of 5,000 rpm, the TMF-RGCD electrodes used in this study have a diffusion layer thickness of -6 x low4 cm. Under these conditions a metalligand complex with a dissociation rate constant, kd, ~0.1 s-l is "inert" with respect to its residence time in the diffusion layer.
Complexes with a kd > lo5 S-I are almost completely "labile," and the zinc dissociating from these complexes within the diffusion layer will provide an additional contribution to the stripping current (corrections due to differences in diffusion coefficients, cf. van Leeuwen 19 87, arc ignored here). Most zinc complexes with inorganic ligands such as Cl-or weak complexes with organic ligands such as acetate have rapid dissociation kinetics (Pankow and Morgan 198 1) and are thus electrochemically active or labile with respect to this DPASV approach. In contrast, zinc forms stronger complexes with organic ligands such as EDTA which, under seawater conditions, have dissociation rate constants of -1 Op4 s-l and are electrochemically inactive or inert with respect to the TMF-RGCD electrodes. Thus, the diffusion layer thickness can be described as defining the time scale of the deposition step, and the DPASV-available fraction of complexed metal is that which can dissociate to the electroactive form during this interval.
Possibility of direct reduction -Problems associated with the direct electrochemical reduction of metal-organic complexes at the electrode surface can be circumvented by performing the clectrodeposition step at potentials negative enough to reduce only the labile (i.e. inorganic) forms of the metal. Stronger metal-organic ligand complexes can tolerate more negative deposition potentials before electroreduction of the metal in the complex occurs. An appropriate deposition potential for the sample of interest can be determined experimentally by conducting the electrodeposition at a series of potentials and plotting the measured stripping current as a function of the applied deposition potential to yield a "pseudovoltammogram" (Figura and McDuffie 1979) . There is generally a range of deposition potentials over which reduction of the metal strongly complexed by organic ligands does not occur.
Possible interference by adsorbed organits-The performance of the TMF-RGCD electrodes in open ocean waters does not appear to be affected by adsorption of organics. This problem has generally been observed in analyzing samples from humicrich lakes, rivers, and estuaries with HMD electrodes (Brezonik et al. 1976 ), but has not been observed in analyzing oceanic samples with much larger surface area TMF-RGCD electrodes (Plavsic et al. 1982 ).
Equilibration of metal spikes with organic ligands-An assessment of the importance of this concern involves determining the formation rate of metal-organic ligand complexes (Ruzic and Nikolic 1982) . The time required for the titrated zinc to reach equilibrium with the natural organic ligands in a sample was determined experimentally by varying the equilibration time from several minutes to more than a day.
Materials and methods
Sample collection and handling -The procedures used for sample collection and filtration have been reported previously (Bruland et al. 1979 (Bruland et al. , 1985 Bruland 1980) . Seawater samples were collected in Tefloncoated, 30-liter Go-F10 bottles (General Oceanics). The samples were filtered by transferring the seawater from the Go-F10 bottle through Teflon tubing to Teflon filter sandwiches (Millipore) containing 142-mm diameter, 0.3~pm pore-size polycarbonate filters (Nuclepore) and finally into 2-liter FEP Teflon bottles. Samples were triple bagged, placed in buckets, and stored at room temperature until analysis. Samples were normally analyzed within 18 h of collection, but a few were analyzed beginning 1 h after collection and up to 2 d later to study storage effects. All sample manipulations and analyses, both at sea and at UCSanta Cruz, were conducted in a positivepressure work area equipped with a Class-100 laminar flow, clean-air bench.
Instrumentation -The DPASV apparatus has been described elsewhere (Bruland et al. 1985) . Briefly, the system uses a modified Princeton Applied Research (PAR) 174 A voltammetric analyzer connected to an electrochemical cell housed in a Plexiglas cell stand. The electrochemical cell consists of a 60-ml Teflon sample cup, a rotating glassy-carbon disk (RGCD) working elcctrode onto which a thin Hg film (TMF) is deposited, a platinum wire counter electrode, and an Ag/AgCl reference electrode. The Plexiglas stand also accommodates additional cell-mounting positions for sample and blank purging. The output from the voltammetric analyzer is displayed on a strip chart recorder.
Mercury-film formation -Before a sample titration, the RGCD electrode was polished with 0.05-pm A1203 at a slow rotation rate (100-500 rpm) and rinsed with dilute, quartz-distilled HCI. Mercury-film formation blanks were prepared with 60 ml of Ultra-pure Milli-Q HZ0 (Millipore), 200 ~1 of saturated KC1 (Merck Supra-pur) and 100 ~1 of a 5,000 ppm solution of Hg2+. The mercury films were formed on the RGCD electrode by degassing the mercury-film formation blanks with oxygen-free N, for 10 min and then depositing for 15 min at -1.2 V with a working electrode rotation rate of 5,000 rpm. After the mercury-film formation step, the TMF-RGCD electrode rotation was stopped, and after a 30-s quiescent period the mercury film was stripped by scanning the potential in the positive direction in the differential pulse mode (scan rate, 20 mV s-l; pulse modulation amplitude, 50 mV; pulse frequency, 10 s-l). If the voltammogram obtained from the mercury-film formation blanks showed low (~0.1 nM) levels of zinc, sample analysis would then proceed. The zinc-stripping peak occurs at about -1.1 V (vs. an Ag/AgCl reference electrode).
Sample titrations -After mercury-film formation blank deposition, a purged sample was used to rinse the cell electrodes. This sample rinse solution was then discarded and a freshly purged sample introduced. The sample was electrodeposited for 15 min at -1.2 V with a TMF-RGCD electrode at a rotation rate of 5,000 rpm. The TMF-RGCD electrode was then stripped by scanning its potential in the differential pulse mode as described earlier. The scan was stopped and held at about -0.2 V with the TMF-RGCD electrode rotating for at least 2 min between depositions to completely strip the mercury film of residual metals. The 15-min deposition was repeated to obtain a second "zero addition" voltammogram, ensuring that the working electrode was conditioned for seawater analysis and that the initial scan was reproducible.
Titrations were conducted by successive standard additions in the range of 0.2-0.3 nM zinc. After each zinc addition, the sample was allowed to equilibrate for a minimum of 10 min before the next depositionstripping cycle was repeated. As the titration proceeded, zinc additions were doubled. Most titrations were carried out to roughly 5 nM (about a fourfold excess over the calculated ligand concentration), although in a few titrations up to 30 nM of zinc was added. (estimated log Klcond, Zn, = 7.6). B. Linear transformation of the EDTA titration data yielding ligand concentration of 10.0 nM and log Klcond,Zn~ = 7.9.
determinations. Throughout the course of these titrations, pH stayed constant (-to. 15 pH units).
Total dissolved zinc determinations-Total dissolved zinc [Zn-,.] was determined with graphite furnace atomic absorption spectrometry (GFAAS) (Bruland et al. 1979 (Bruland et al. , 1985 Bruland 1980 ). Preparation of U VS W-Seawater containing nondetectable levels of trace metals and metal-complexing dissolved organic matter was prepared for use in model ligand titrations and other experiments by an ultraviolet photo-oxidation and resin column system described in detail by Donat and Bruland ( 1988) . The seawater was collected in 2-liter FEP Teflon bottles and was used within a few weeks of production. This treated seawater is hereafter called UVSW.
Results
Laboratory studies: Evaluation of the DPAS V approach to zinc speciation -The accuracy of the DPASV approach used here was first evaluated by titrating the wellstudied model ligand EDTA; 9.5 nM EDTA and various concentrations of zinc were added to IJVSW aliquots and allowed to equilibrate for 24 h. The data (Fig. 2) fit a single metal-single ligand model (Ruzic 1982 (Ruzic , 1984 , and the experimentally determined values for the EDTA concentration (10.0 nM) and conditional stability constant for the ZnEDTA2-complex (log K'cond, zn, = 7.9) agree closely with the actual concentration of EDTA added (9.5 nM) and the predicted conditional stability constant (log K' cond. Zn' = 7.6). The predicted conditional stability constant for ZnEDTA2-in seawater was calculated from the thermodynamic stability constant (Martell and Smith 1974) after correction to an ionic strength of 0.7 with free ion activity coefficients obtained with the Davies equation. A side-reaction coefficient for EDTA (aEDTA) of 108.0 and an inorganic side-reaction coefficient for zinc (cuzn) of 2.1 were used to convert to K' cond. Zn'-A solution of 0.1 M KC1 containing 9.5 nM EDTA was then titrated with zinc to evaluate the accuracy of the DPASV approach in analyzing a sample containing a ligand with a much higher conditional stability constant (K'cond,Zn, = 1013.8). The conditional stability constant of the ZnEDTA2' complex is much greater in 0.1 M KC1 because the absence of Ca2+ and Mg2+ greatly decreases the side-reaction coefficient for EDTA. In this case, the product of the conditional stability constant and the ligand concentration is 6 x 105. Therefore, no Zn' should be detected until the EDTA is almost completely titrated. Experimental titration data verified this prediction (Fig. 3A) . 'The linear transformation of the titration data (Fig. 3B) yielded an EDTA concentration of 9.9 nM and a lower limit for K'cond, Znt of 10". That no Zn' (co.01 nM) was detected for additions of zinc less than the ligand concentration is consistent with the Zn-EDTA2-complex being kinetically inert and electroinactive with respect to the DPASV approach used.
Field studies-Most of the samples for this study were collected in the central North Pacific at the VERTEX-IV station (-28"N, 158"W) during a 2-week occupation in July 1983. A few additional samples were collccted on the VERTEX-V cruise during June-July 1984 from a station at the edge of the central North Pacific gyre (33"N, 139"W). Similar physical and chemical oceanographic conditions existed at both stations. The depth of the mixed layer was 25 m and the base of the euphotic zone and nutrient-depleted layer extended to about 150 m. This shallow mixed-layer depth is typical of summer stratification, whereas winter mixing extends the layer to 150 m (Bathen 1972) .
Vertical prqjile of total dissolved zinc concentrations-The vertical profile of total dissolved zinc (Fig. 4A) is consistent with previous data from this oceanographic regime (Bruland 1980) , and the correspondence between the vertical profiles of dissolved zinc and silicic acid (Fig. 4B) supports the oceanographic consistency of the total dissolved zinc results (Bruland 1980 (Bruland , 1983 .
DPASV zinc titrations-DPASV zinc titrations were conducted on samples from selected depths in the upper 600 m of the water column at VERTEX-IV.
The dissolved zinc initially present in a typical sample from 90 m was 0.35 nM (Fig. 5A , Table  1 ). For total zinc concentrations ~0.5 nM, no electroactive zinc was detected (i.e. [Zn'] < 0.01 nM). Thus, at least 98% of the zinc (for [Zn,.] < 0.5 nM) was bound by organic ligands in complexes that were electrochemically inert. For zinc additions yielding total concentrations of 0.5-l .5 nM, the Zn' current responses initially form a curve that approaches a straight line at total zinc concentrations > 1.5 nM. ] for the 90-m sample was linear, indicating that the data can be simply modeled by assuming formation of a one-metal, one-ligand complex (Fig. 5B) and that an equilibration time of 10 min was adequate for the zinc addi- [Zn'1 hM) Fig. 3 . A. Zinc titration of 9.5 nM EDTA in 0.1 M KC1 (estimated log Kcond Znz = 13.8). B. Linear transformation of the EDTA iitration data yielding ligand concentration of 9.9 nM and log Krcond, Znf > 11.
tions (Ruzic and Nikolic 1982) . The transformed data give a zinc-complexing ligand concentration of 0.94 nM and a log K' cond, Zn' of 10.6.
With this data set it is impossible to assess whether there may have been another class of ligands which form weaker zinc complexes that might slightly influence zinc complexation in the sample (e.g. 100 nM of a ligand with a Ktcond, Zn, of 106). Such a ligand class could not account, however, for more than 10 or 20% of additional organic zinc complexation, since the linear Zn' response after titrating a sample with 4 nM zinc was 80-90% of the response of the same electrode film to Zn' in UVSW.
All of the sample titrations performed in this study fit a simple one-metal, one-ligand model. Within the surface 150 m of the VERTEX-IV station, the average concentration of ligands forming strong zinc complexes was 1.2k0.2 nM (Fig. 6A ) and the average value for the log K'cond, ZnP was 10.7kO.3 (Fig. 6B) . Little or no vertical structure was apparent for either quantity (Table 2 ).
In the titrations of samples from 400 to 600 m, electroactive Zn' was detected before any zinc was added. The 400-m sample was the deepest for which the ligand concentration and conditional stability constant could be calculated with confidence. At depths >400 m, the increasing concentrations of dissolved zinc had completely titrated the ligands present and conditional stability constants could not be estimated. The concentration of organically complexed zinc in these deeper samples appeared to be l-l.5 nM.
Since no detectable Zn' was observed at depths shallower than 200 m (Fig. 7) Methodology tests -Analyses of filtered and unfiltered aliquots of the same surface sample indicate that the bulk of zinc-complexing ligands occurs in the dissolved fraction (~0.3 pm; Table 3 ). The zinc naturally present in the surface seawater of the central North Pacific is typically 80-90% dissolved, with lo-20% in the particulate fraction (Bruland unpubl. data). No significant differences were observed in ligand concentrations or conditional stability constants between samples titrated immediately after collection and temperature equilibration
(1 h) and those whose titration began 2 1, 23, or 35 h later (Table   Sample the ligands appears to be stable for days. In addition, no significant change in ligand concentrations or conditional stability constants was observed when zinc additions were allowed to equilibrate for 10 min or 24 h. This observation provides a lower limit to the zinc-ligand association kinetics.
Samples from 50-m depth were collected at various times during the day and night and titrated with zinc to assess the influence of diurnal variability on zinc complexation (Table 3) . No significant differences in ligand concentrations or conditional stability constants were observed, supporting the relative stability of the zinc-complexing character of the ligands on time scales of days.
Pscudovoltammograms were obtained on both UVSW and seawater samples from 100-m depth. Both solutions were adjusted to contain a total zinc concentration of -0.5 nM. In the UVSW, all of this was Zn', while in the natural sample 98% of the zinc appeared complexed with organic ligands. At deposition potentials between -1.2 and -1.3 V, the Zn'-stripping peak currents in both types of solutions were constant, but only just detectable in the natural sample with magnitudes about 2% of those observed in UVSW. Additional studies of UVSW containing ZnEDTA2 -also indicated that a window of deposition potentials exists between --1. Interferences by other metals-Preliminary studies on possible interferences in zinc titrations from the presence of copper or cadmium were performed. Doubling the concentration of total copper initially present in a surface sample (0.6 nM) yielded a copper concentration close to that of the zinc-binding ligands (1.2 nM), but this level of copper did not significantly affect the zinc titrations. Coale and Bruland ( 1988) have shown that two classes of organic ligands strongly complex >99.7% of the total dissolved copper in surface waters of the castern North Pacific. The stronger ligand class has a concentration of -1.8 nM and dominates copper complexation in surface waters. If sufficient copper was added (>2 nM) to completely complex the strong copper-binding ligands, a copper-stripping peak was apparent, and Zn' sensitivity was severely depressed. This depression of Zn' sensitivity was due to formation of a Cu-Zn intermetallic compound in the mercury film (Shuman and Woodward 1976) .
During the stripping step following each zinc addition in a titration, the potential was scanned through the region where any electroactive copper deposited in the TMF-RGCD electrode would be oxidized, producing a stripping current. No electroactive copper was apparent in samples from depths ~500 m at this station. Thus, there seemed to be no interference from copper via intcrmetallic compound formation with zinc at surface and intermediate depths. Interference from levels of copper of the order of 1 nM was not expected because of the strong specificity observed by Coale and Bruland (1988) of the copper-binding ligands for copper. Finally, additions of cadmium at concentrations of 1 nM did not affect the zinc titrations either.
Discussion
The ability to collect, process, and store seawater samples without contamination is an absolute prerequisite for determining metal complexation.
Even a very small amount of inadvertent contamination could lead to a significant underestimate of the concentration of ligands and the strength of their interaction with zinc. It is imperative that concentrations of total dissolved zinc be determined in the samples used to determine metal complexation and compared with published data sets exhibiting oceanographic consistency (e.g. Bruland 1980 ) in order to establish that the samples were not contaminated at the outset. The vertical profile of total dissolved zinc concentrations at this VERTEX-IV station (Fig. 4 ) agrees well with that of a previous report (Bruland 1980) and is consistent with the Zn-Si relationship previously reported for this area.
The model-derived values for the conditional stability constants of natural zincorganic complexes and concentrations of the zinc-complexing ligand show a fairly uniform distribution in the upper 400 m at this station. In contrast, Coale and Bruland (1988) observed that the concentration of the ligand primarily responsible for strongly complexing copper in surface waters of the eastern North Pacific showed a substantial vertical gradient and essentially was below detection at depths >200 m. The maximal concentration of the strong coppcr-complexing ligand occurred within the euphotic zone at depths between 60 and 80 m.
The only other open-ocean data set of zinc complexation having oceanographically consistent concentrations of total dissolved zinc with which to compare these present results is that obtained by Donat and Bruland (1989) in a comparison of DPASV and competitive ligand equilibration-differential pulse cathodic stripping voltammetry (CLE-DPCSV). At a station in the Northeast Pacific (VERTEX-VII, station T-5, 39"36'N, 140"46'W), they observed that > 95% of the total dissolved zinc at 60-and 150-m depths was bound in strong organic complexes [log rcond, Zn2+ = 11.2kO.2 (DPASV) and 10.3kO.2 (CLE-DPCSV)] by a low concentration (-2 nM) of zinc-complexing ligands. Thus, the zinc speciation results reported here are in good agreement with those obtained by Donat and Bruland (1989) , although the ligand concentration at the VERTEX-VII station in the Northeast Pacific (IV 1,000 nm northeast ofthe VERTEX-IV station studied here) is slightly higher. Van den Berg (1985) has reported the extent of zinc complexation for a surface water sample from the Irish Sea. His data best fit an equilibrium model for complexation of zinc by two organic ligands having concentrations of 26 and 62 nM and forming zinc complexes having values for log Ktcond, Zn~+ of 8.4 and 7.5. The total dissolved zinc concentration he found in his sample was 28 nM. Van den Berg's observations from the Irish Sea stand in marked contrast to the average ligand concentrations (1.2 nM), average conditional stability constants (log K' cond, Zn2 I-= 11 .O), and initial zinc concentrations (0.2 nM) estimated in the present study for the upper 200 m of the VERTEX-IV station.
There may be classes of organic ligands able to form weak zinc complexes in the surface waters of the central North Pacific as well; as stated earlier, however, they should not substantially influence zinc complexation. Instead, the data in this report demonstrate that organic ligands existing in low nanomolar concentrations and forming strong zinc complexes effectively control the speciation of zinc in surface waters of the central North Pacific.
Copper is the only other metal for which there is convincing evidence of the dominant role of organic complexation in speciation in oceanic surface waters. Although comprehensive comparisons have not yet been performed, several different approaches suggest that within surface waters >99% of the Cu2+ exists complexed with organic ligands (DPASV: Kramer 1986; Coale and Bruland 1988; CLE-DPCSV: van den Berg 1984; MnO, adsorption: van den Berg 1982; ligand competition-solvent extraction: Moffet and Zika 1987; ligand competition-solid phase extraction: Sunda and Hanson 1987; bioassay: Sunda and Ferguson 1983) .
The findings reported here are markedly different from observations on the zinccomplexing characteristics of humic-type substances generally referenced in the literature (e.g. Mantoura et al. 1978) (Fig. 8) . The concentration of humic substances estimated by Mantoura et al. (1978) is three orders of magnitude larger than the conccntration of the zinc-complexing ligand observed in this study, but the conditional stability constant of the zinc-humic complex was almost six orders of magnitude less. Mantoura et al. (1978) argued that humics, and dissolved organics in general, were not expected to substantially influence the speciation of zinc in seawater.
Inputs of zinc from both the atmosphere and vertical mixing from intermediate depths have been estimated to supply significant zinc to surface waters (Bruland 1980) . For example, elevated dissolved zinc concentrations in near-surface waters in the central Pacific have been measured after a rain event (Bruland 1980) . Such inputs are sporadic and would tend to supply zinc in pulses, potentially resulting in variable free zinc ion activities within the surface layers. Within the upper 200 m of the central North Pacific, however, there is an average of 1 nM of strong zinc-complexing ligand in excess of the dissolved zinc concentration. The 1 nM of excess concentration of ligand could readily complex zinc introduced to the surface layer from such inputs, thereby strongly buffering free zinc ion activity at low levels.
At depths >300 m, Zn' concentrations become measurable because dissolved zinc concentrations increase with depth to levels exceeding the zinc-complexing capacity of the organic ligands (Fig. 5A) . In all of the deep-water samples analyzed, dissolved zinc existed predominantly as electroactive, inorganic Zn'. If the zinc-complexing ligand exists in deep waters at concentrations comparable to those found in surface waters, 80-90% of the zinc would occur as inorganic species, due to the large excess of dissolved zinc over the complexing organic ligand.
Zinc-organic complex lability-Previous studies of zinc complexation in the Gulf of Mexico (Piotrowicz et al. 1983 ) have indicated that zinc-organic complexes were extremely labile on time scales of hours to days. Because analysis normally begins between 1 and 18 h after collection and a sample titration in the present study took up to 8 h to complete, complex lability and the potential of ligand degradation were of great concern. In marked contrast to the results of Piotrowicz et al. (1983) , however, the results of the time series experiments reported here indicate that both the concentration of zinc-complexing ligands and the conditional stability constants of their zinc complexes did not change significantly over a period of days. Sporadic zinc contamination could have caused the variation in results reported by Piotrowicz et al. (1983) , prompting their conclusion regarding the apparent lability of the zinc-organic complexes.
Zinc-organic ligand equilibration time and specijcity-The 1 O-min period within which zinc additions seemed to equilibrate completely with the natural organic ligands provides a lower limit to the kinetics of complex formation. Since there is -1 nM of excess ligand, its formation rate constant with zinc would have to be at least 7 x lo6 M-' s-l in order to equilibrate fully in 10 min. This high formation rate constant suggests that Ca2+ and Mg2 '-the major di- valent cations in seawater-do not significantly interact with the natural zinc-complexing ligands, and therefore have little effect on zinc complexation kinetics.
In contrast, the metal complexation kinetics of the model ligand EDTA are strongly affected by Ca2+ and Mg2-t. Consequently, in seawater EDTA has a low formation rate constant with zinc, of the order of 1 02-lo3 M-l s-l (Raspor et al. 1980) . The apparent lack of interaction between Ca2+ and Mg2+ and the natural zinc-complexing ligands is suggestive of the presence of donor atoms such as sulfur and nitrogen in the natural ligands rather than oxygen-the donor atom preferred by Ca2+ and Mg2+. A formation rate constant of the order of lo7 M-l s-l, combined with a conditional stability constant of lOI', would imply an upper limit to the dissociation rate constant for the ZnL complex of -1 O-4 s-l. This dissociation rate constant is consistent with the assumed electrochemical inertness of the zinc-organic ligand complex with respect to the diffusion layer of our TMF-RGCD electrode during the deposition step.
The zinc-complexing ligands showed at least some selectivity for zinc. Amounts of copper and cadmium roughly equivalent to the concentration of the zinc-complexing ligands could be added to a sample before the zinc titration without significantly changing the results.
Influence of zinc speciation on biota -The response of aquatic organisms to zinc concentrations in their external environment is generally thought to reflect changes in free Zn2+ ion activity rather than those of the total dissolved zinc concentration (Anderson et al. 1978) . Vertical profiles of total dissolved zinc concentrations in the central North Pacific generally exhibit concentrations varying from -0.1 nM in surface waters to -3 nM at 500 m-a 30-fold variation. Taking account of organic complexation, the inorganic zinc concentration ([Zn']) would vary from 2 pM to 2 nM -a 1 ,OOO-fold variation. Fret zinc ion activity, expressed aspZn, would be -12.7 in surface waters and 9.7 at 500 m. This dramatic difference of three orders of magnitude in free zinc ion activity between surface waters and 500 m is similar to that observed for free cupric ion (Coale and Bruland 1988) in the Northeast Pacific. Brand et al. (1983) using single phytoplankton species cultured in media buffered with EDTA over a range of pZn from 10.5 to 13.2, showed that reproductive rates of eucaryotic algae and cyanobacteria arc differentially affected by free zinc ion activities in the range reported here for the upper 200 m of the central North Pacific. Phytoplankton species with primarily neritic distributions generally exhibited substantially reduced growth rates at pZn values of 12.7-the value representative of central North Pacific surface waters. Species with primarily oceanic distributions did not show evidence of zinc limitation at pZn values < 13, however, and thus would not be zinc limited in the central North Pacific.
Neritic surface waters have substantially higher concentrations of total dissolved zinc than oceanic surface waters (Bruland and Franks 1983) . If the decreased degree of organic complexation of zinc (relative to the present study) observed by van den Berg (1985) for the Irish Sea ([L] = 26 and 62 nM; log K'cond, Zn' = 8.1 and 7.2, respectively) is indicative of neritic waters, then free zinc ion activities in neritic waters could be one to three orders of magnitude greater than in the central North Pacific. If, however, the ligand concentrations in neritic waters are similar to those observed in this study for oceanic waters, then the amount of total dissolved zinc present in neritic waters (on the order of a few nM) would exceed the ligand concentration, and free zinc activities would be even greater than in the former case.
At these higher free zinc ion activities, the neritic phytoplankton species studied by Brand et al. (1983) reproduced at maximal rates and exhibited no evidence of zinc limitation (or zinc toxicity). Thus, the zinc speciation data reported here are consistent with the hypothesis of Brand et al. (1983) that zinc, as a biolimiting nutrient, may influence distributions of phytoplankton species in the oceans. If the extent of organic complexation of zinc observed here is represcntative of the open sea, then low free zinc ion activities may not limit primary production in oceanic waters. Free zinc ion activity may play an important role, however, in influencing the species composition and ecology of phytoplankton populations. The results of this study raise important questions. For example, what is the nature of these strong zinc-complcxing organic ligands that seem to show a remarkable degree of specificity? How stable are the ligands? What are the sources and sinks of these ligands? How are they spatially and temporally distributed? A number of interesting scenarios or hypotheses can be formulated. The scavenging of metal cations by particles from surface waters has generally been modeled as a competition for the metal cation by surface adsorption sites on particles. Perhaps the binding of zinc by dissolved organic ligands forming strong complexes may render zinc less particle reactive, thereby extending its residence time in oceanic surface waters. One possible hypothesis is that the zinc-complexing ligands are produced by (some) phytoplankton to keep zinc in solution. The low free zinc ion activities resulting from this complexation would allow organisms capable of assimi-lating zinc at extremely low levels to have a competitive advantage over neritic species in oceanic regimes. A shortcoming of this hypothesis is that it appears to require group selection because the individual that secretes the ligand is unlikely to benefit from its own secretions.
Another possibility requiring investigation is that oceanic species of phytoplankton might be able to assimilate and utilize organically bound zinc. The current dogma that biological response to metals such as zinc reflects changes in free metal ion activities is based primarily on studies that used the synthetic chelators EDTA and NTA to set free metal ion activities specified by the experimenters.
Perhaps, as has been observed with iron-siderophores, there are oceanic species of phytoplankton that can assimilate organically complexed zinc, thus gaining a competitive advantage over species that cannot. If organisms actually can assimilate the zinc-organic ligand complex, such biological utilization could bc the major process by which the ligand is consumed. Perhaps a dynamic balance exists for this class of ligands between its production and consumption, resulting in the relatively uniform and ubiquitous presence of the zinccomplexing ligand in the central North and Northeast Paci fit.
Conclusions
DPASV methods with a TMF-RGCD electrode show great promise for studies of metal speciation in natural waters. The speciation results obtained for zinc in this study demonstrate the overwhelming importance of organic complexation to the speciation of zinc. This observation is in marked contrast with most previous speculations which suggested that organic complexation would be of only minor importance to the speciation of zinc in seawater. In intermediate and deep waters, however, organic complexation does not play a dominant role, and zinc exists primarily as the free solvated ion and in inorganic complexes (e.g. ZnCl').
Zinc-complexing organic ligands strongly buffer free zinc ion activity in surface seawater with respect to perturbations in total dissolved zinc. The observed speciation of zinc should influence its geochemical behavior with respect to particle interactions, particularly within the surface layers of the ocean where complexation of zinc by organic ligands may reduce scavenging of zinc by particles.
Because the results reported here on the organic complexation of zinc, along with similar findings for copper, have been obtained only recently, a need exists to verify these results with independent methods. One such independent method showing promise for zinc speciation studies is cathodic stripping voltammetry with competitive ligand equilibration (CLE-DPCSV) (van den Berg 1985) . A comparison of the DPASV approach prcsentcd here with the CLE-DPCSV approach for zinc has recently been undertaken on a set of samples from the North Pacific, and good agreement has been dcmonstrated for both ligand concentrations and conditional stability constants (Donat and Bruland 1989) . We also have initiated studies on the spatial and temporal variability of zinc complexation within the North Pacific to further elucidate the biogeochemistry of zinc.
